Bortezomib, a therapeutic agent for multiple myeloma (MM) and mantle cell lymphoma, suppresses proteosomal degradation leading to substantial changes in cellular transcriptional programs and ultimately resulting in apoptosis. Transcriptional regulators required for bortezomib-induced apoptosis in MM cells are largely unknown. Using gene expression profiling, we identified 36 transcription factors that displayed altered expression in MM cells treated with bortezomib. Analysis of a publically available database identified Kruppel-like family factor 9 (KLF9) as the only transcription factor with significantly higher basal expression in MM cells from patients that responded to bortezomib compared to non-responders. We demonstrated that KLF9 in cultured MM cells was up-regulated by bortezomib, however, it was not through the induction of endoplasmic reticulum stress. Instead, KLF9 levels correlated with bortezomib-dependent inhibition of histone deacetylases (HDAC) and were increased by the HDAC inhibitor LBH589 (panobinostat).
Introduction
Multiple myeloma (MM) is a plasma cell disorder that accounts for approximately 10% of all hematologic malignancies. 1, 2 Although the introduction of novel agents in the past decade has increased median overall survival of myeloma patients from 30 month to 45-72 months, the disease still remains incurable. [3] [4] [5] One of these agents, bortezomib (Velcade®, PS-341), significantly increased overall survival in patients with relapsed or refractory multiple myeloma when used as a single agent in comparison to high-dose dexamethasone, one of the standard therapies for this disease. [1] [2] [3] [4] [5] Bortezomib acts via inhibition of proteasome-mediated protein degradation, ultimately causing death in cells from many types of malignancies, including MM cells. [3] [4] [5] Bortezomib apoptosis-inducing activity has been attributed in part to the alterations in the expression of several BCL2 family proteins, 6 among which the BH3-only protein NOXA appears to play an important role. [7] [8] [9] NOXA triggers apoptosis by binding to the pro-survival molecule MCL1, thus preventing it from sequestering proteins BAX, BAK and BIM, which are all critical inducers of apoptosis. [9] [10] [11] [12] It has been reported that bortezomib increases NOXA protein levels by suppressing its proteosomal degradation 8 and by transcriptional activation of its gene. 8, 13 Recently, several transcription factors including C-MYC, 13, 14 14 have been shown to functionally participate in bortezomib-induced death in cells from several solid tumor lines. However, the roles of at least some of these factors in bortezomib cytotoxicity appear to vary among cells from different tumor types or even among cell lines from the same type of tumors. For instance, C-MYC was implicated in bortezomib toxicity in A375 melanoma cells, 14 HCT116 colon carcinoma cells 14 and HeLa cells 14 but not in SK-Mel-28 melanoma cells 15 or SH-SY5Y neuroblastoma cells. 16 Inhibition of p53 tumor suppressor gene was shown to be dispensable for bortezomib-dependent apoptosis in cells from several melanoma lines 7 but was required for it in the abovementioned A375, HCT116 and HeLa cells. 14 Depletion of ATF4, a mediator of the endoplasmic reticulum (ER) stress response 15, 17 rendered HeLa cells 15 and SHFor personal use only. on April 8, 2017 . by guest www.bloodjournal.org From SY5Y cells 16 resistant to bortezomib-induced cell death, however, ATF4 was required for resistance to bortezomib in MCF7 cells. 18 In MM cells, only one transcription factor, NF-κB, has long been considered as a major target of bortezomib. 19, 20 On the other hand, recent studies suggested that inhibition of NF-κB can not fully account for the bortezomib cytotoxicity in MM cells 21, 22 nor even be required for it. 23 Three other transcription factors have been shown to participate in bortezomib-induced cytotoxicity in MM cells. In one study, knocking down C-MYC led to partial suppression of apoptosis induced by bortezomib or combination of bortezomib and histone deacetylase inhibitor SAHA. 24 It was suggested that C-MYC contributed to the bortezomib-dependent formation of aggresomes 24 and transcriptional activation of NOXA. 24, 13 Another paper demonstrated that transcriptional factor JUN induced apoptosis in MM cells by direct upregulation of the expression of a transcription regulator early growth response protein 1 (EGR1 25 ). 26 The authors reported that both transcription factors control bortezomib-induced apoptosis presumably due to their ability to suppress expression of anti-apoptotic protein survivin. 26 Given the complexity of bortezomib-dependent pathways in the cell, the current knowledge about transcription factors critical for bortezomib-induced toxicity in MM cells is incomplete. In answer to this problem, here we present data on identification and characterization of KLF9, a novel and potentially clinically relevant transcriptional regulator of bortezomib-induced apoptosis in MM cells.
Materials and Methods

Cell lines and reagents
Multiple myeloma cells MM1.S and RPMI-8226 were cultured in RPMI-1640 medium supplemented with 10% FBS, 100 units/ml penicillin G + 100 μg/ml streptomycin, 0.1mM
For personal use only. on April 8, 2017 . by guest www.bloodjournal.org From nonessential amino acids and 1mM sodium pyruvate. All cell culture agents were purchased from Invitrogen. Bortezomib was purchased from LC Laboratories, LBH589 was purchased from Selleck Chemicals.
siRNAs, shRNAs, lentiviral constructs and infection
For overexpression experiments, human KLF9 cDNAs was cloned under the control of the CMV promoter into the lentiviral vectors pLV-SV40-puro (a gift from Dr. Peter Chumakov, Cleveland Clinic). The pLKO-1 lentiviral vectors containing control shRNA was purchased from Sigma-Aldrich. The following sequences corresponding to human KLF9 gene were used for generating pLKO-1-based shRNAs: KLF9-1a 5'-ACAGTCTGGAAAGTCCAGAT-3'; KLF9-1b 5'-GCTTGTTGGACCTGAACAAGT-3'; KLF9-2a 5'-CAGTCGAATAAACTTGCGACCGC-CACGTG; KLF9-2b 5'-TGAGGAGTGACCACCTCACAAAGCACGCC-3'. Human C-JUN gene-specific shRNAs in pLKO-1 vector were purchased from Sigma-Aldrich. shRNA sequences are as follows: JUN-1 5'-CGGACCTTATGGCTACAGTAA-3'; JUN-2 5'-CGCAAACCTCAGCAACT-TCAA-3'. NOXA-specific shRNA and the lentiviral infection protocol have been described previously. 8 For the optimal suppression of KLF9 levels, cells were simultaneously infected with viruses containing two shRNAs: KLF9-1a and KLF9-1b or KLF9-2a and KLF9-2b. The equivalent amounts of control virus were used in all experiments.
Quantitative Reverse Transcription Real-Time PCR (Q-RT-PCR)
Total RNA was isolated from cells using the RNeasy Mini Kit (Qiagen). cDNA was prepared using the cDNA reverse transcription kit (Invitrogen). Q-RT-PCR was performed on 7900HT
Fast Real-Time PCR System (Applied Biosystems) using SYBR® Green PCR Master Mix (Applied  Biosystems)  and  the  following  PCR  primers:  KLF9  (5'- TGGCTGTGGGAAAGTCTATGG-3' and 5'-CTCGTCTGAGCGGGAGAAACT-3'); NOXA (5'-AGCTGGAAGTCGAGTGTGCT-3' and 5'-TCCTGAGCAGAAGAGTTTGGA-3'); β-actin (5-For personal use only. on April 8, 2017 . by guest www.bloodjournal.org From TCATGAAGTGTGACGTGGAC-ATC-3' and 5'-CAGGAGGAGCAATGATCTTGATCT-3'). PCR data were analyzed using sequence detection software (SDS) 2.4 (Applied Biosystems).
Immunoblotting
The following antibodies were used: KLF9 (sc-12996 and sc-12994), NOXA (sc-56169), tubulin (sc-8035), HDAC1 (sc-8410), all from Santa Cruz Biotechnology; HDAC2 (ab7029) from Abcam, acetylated histone H3 (06-599) from Millipore; cleaved caspase 3 (#9661), C-JUN (#9165) and histone H3 (#9717) from Cell Signaling.
Membranes were developed using alkaline phosphatase-conjugated secondary antibodies and Pierce Fast Western Blot Kit and the Alpha-Innotech FluorChem HD2 ® imaging system. For the detection of endogenous NOXA levels, Pierce SuperSignal® West Femto Substrate was used. The ImageQuant 2.0 program package was used for signal quantification. An equivalent area in each lane was used to determine the background signal and this was subtracted from the value for the protein signal in that lane.
Immunofluorescence
MM1.S and RPMI-8826 cells were incubated for 36 hours with 5 or 10 nM of bortezomib, respectively, followed by methanol fixation, permeabilization and centrifugation onto glass slides. Cells were incubated with ubiquitin antibodies (sc-8017, Santa Cruz) followed by incubation with Alexa Flour 590 antibodies (Molecular Probe). Coverslips were mounted using Prolong antifade reagent containing DAPI (Molecular Probes). Images were captured using Leica DMI 4000 B microscope.
Enzyme-linked Immunosorbent Assay (ELISA)
For personal use only. on April 8, 2017 . by guest www.bloodjournal.org From 1 million MM cells were plated into fresh media and media supernatant was probed periodically with the Human Lambda ELISA Quantitation Kit (Bethyl Laboratories, Montgomery, TX) to detect secreted λ light chain according to the manufacturer's instructions.
Luciferase Reporter Assay
The pGL3-basic plasmid containing [-198 ; 157] region of the promoter of human NOXA (PMAIP1) gene upstream of firefly luciferase gene was described previously. 13 The following PCR primers were used to amplify DNA corresponding to the [-92 ;157] region of the NOXA promoter (5'-AGGTACCCAGGGGCGGGCCGGGCGTCT-3' and 5'-CAGATCTCCCACTCA-GCGACAGAGC-3'). The PCR product was cloned into the pGL3-basic vector (Promega) and the insert was verified by sequencing. pGL-3 vectors containing different regions of the NOXA promoter were mixed at 10:1 ratio with the pRL-SV40 plasmid (expressing the renilla luciferase gene). The plasmid mixture was transfected separately with or without KLF9-expressing vector (pLV-SV40-puro-KLF9) into HEK 293 cells using Superfect reagent (Qiagen). 48 hours after transfection, firefly-and renilla-dependent luciferase activities were determined by using the dual-luciferase assay kit (Promega). Firefly-dependent luciferase emission was normalized with respect to renilla signals.
Apoptosis Detection Assay
Apoptosis was detected using APO LOGIX "Carboxyfluorescein FAM-DEVD-FMK for 
Chromatin Immunoprecipitation
For personal use only. on April 8, 2017 . by guest www.bloodjournal.org From Interactions between KLF9 and the NOXA promoter were assessed using the EZ-Chip kit from Millipore according to the manufacturer's recommendations with the following antibodies from Santa Cruz Biotechnology: normal goat IgG (sc-2755), KLF9 (sc-12996 or sc-12994).
Interactions between acetylated histone H3 and KLF9 promoter were assessed using the same kit, normal rabbit IgG (sc-2027) and antibodies against acetylated histone H3 (Millipore). The following primers were used for the analysis of KLF9 binding to the DNA: GAPDH promoter ( 
Microarray Analysis
Total cellular RNA was isolated using RNeasy Mini Kit (Qiagen). 5 μ g from each sample was used for production of biotinylated cRNA as described in the Affymetrix GeneChip analysis instruction manual (Affymetrix, Santa Clara, Calif., USA 
Databases and Statistical Analysis
Gene expression data were obtained from gene expression profiles generated at Millenium pharmaceuticals, Cambridge, MA of myeloma cells collected from 239 patients prior to their enrollment in phase II and phase III trials of Bortezomib or Dexamethasone. The dataset along with its annotations were downloaded from NCBI's gene expression omnibus (GEO) database (GSE9782). Data were processed using MAS5.0 (Affymetrix, Santa Clara, Ca, USA). The dataset includes 169 patients treated with bortezomib (85 responders, 84 non-responders) and the 70 patients treated with dexamethasone (28 responders, 42 non-responders). The responder and non-responder populations within each therapy group were compared using the two-tailed Wilcoxon/Mann-Whitney test to determine statistical significance. All statistical analysis was performed using the statistical computational environment R version 2.13.2 (http://www.r-project.org/). Gene expression profile data for patients that were treated total therapy 2 (TT2) or total therapy 3 (which includes bortezomib) was also downloaded from GEO database (GSE2658). Based on annotations, gene expression data was obtained from CD138 positive plasma cells isolated from patients before treatment with TT2 or TT3 and patient survival recorded 69.24 months post treatment. Gene expression data for the relevant genes was extracted as detailed above and classified on the basis of survival.
Results
KLF9 is induced by bortezomib in MM cells and its higher expression correlates with response to bortezomib in MM patients
To identify transcription factors required for bortezomib-induced death in MM cells, we The microarray data revealed 36 sequence-specific DNA binding factors, the expression of which changed by more than 2 fold in response to bortezomib in two independent experiments.
The identified genes are listed in Supplemental Table 1 .
Recently Chen et al 26 correlated high basal mRNA levels of two transcription factors (JUN and EGR1) in MM cells from patients prior to the therapy with higher overall survival of patients receiving TT3 versus TT2 regimens (the sets of drugs used in these regimens differ only by bortezomib present in TT3 regimen). In a separate report, bortezomib has been shown to upregulate JUN mRNA levels in cultured cells. 28 Collectively, these papers suggest that basal levels of a drug-inducible transcription factor in patients' MM cells may predict the patients'
response to a drug.
Based on these premises, we evaluated the prognostic value of the 36 bortezomib-induced genes identified in our initial screen using recently described microarray-based global expression dataset that was generated for myeloma cells collected from patients with relapsed myeloma before treatment with bortezomib or high dose dexamethasone. 27 This database in combination with patient clinical response and survival data served as a valuable tool for establishing correlations between gene expression profiles and clinical outcome. 27 The patient database contained information for 35 out of the 36 genes presented in Supplemental Table 1 Table 2 ). KLF9 microarray values were higher in patients who responded to bortezomib therapy, while no correlation was observed between responders and non-responders to dexamethasone ( Figure 1 , Supplemental Table 2 ).
In general, KLF9 functions are relatively understudied. Previously, it was implicated in the control of different aspects of animal development and regulation of proliferation and Supplemental Figure 1 ) and yet, the amounts of KLF9 mRNA were induced less efficiently by LBH589 than by bortezomib (Figure 2A,D) . Therefore, enhanced histone acetylation may only partially account for KLF9 up-regulation by bortezomib, thus suggesting that additional bortezomib-dependent pathways are involved in the up-regulation of KLF9.
Induction of ER stress is considered one of the major downstream pathways of bortezomib cytotoxicity. To determine whether KLF9 can be induced by ER stress, we treated MM1.S cells with 50 nM or 100 nM of tunicamycin, a classical ER stress inducer 39 for 24 hours. To control for ER stress, we monitored expression of ATF4 protein, a marker of ER stress that is up-regulated by bortezomib and is required for bortezomib cytotoxicity in cells from several solid tumor lines. 15, 16 In agreement with the published data, Figure 2F demonstrates that tunicamycin significantly induced ATF4 but not NOXA. 15 It also demonstrates that KLF9 is not induced by tunicamycin, suggesting that the bortezomib-dependent increase in KLF9 amounts occurs via ER stress-independent mechanisms.
KLF9 knock-down via RNA interference suppresses bortezomib-and LBH589-induced death in multiple myeloma cells
To identify the functional role of KLF9 in bortezomib-induced cell death, we knocked down KLF9 in MM1.S and RPMI-8226 cells using lentivirus-based shRNAs ( Figure 3A, C) . At 48
hours post-infection with control or KLF9 shRNAs, MM1.S and RPMI 8826 cells were treated with different doses of bortezomib or LBH589 for 48 hours. Cell death was assessed by trypan blue-exclusion assay. As shown in Figure 3B and D, KLF9 depletion resulted in a 2 to ~3.5 fold Resistance to bortezomib has been recently linked to decreased protein biosynthesis 24 that could be manifested in low proliferation rates and to formation of aggresomes, aggregates of ubiquitin-conjugated proteins that are accumulated in the perinuclear area due to the inhibition of the proteasome. 24 To test the possibility that KLF9 depletion affects any or all of the above phenotypes, we assessed proliferation rates and the amounts of secreted λ light chain (as a measure of protein biosynthesis rates in MM cells 40, 41 ) in untreated control and KLF9-depleted MM1.S and RPMI-8826 cells. As shown in Supplemental Figure 2A and B, no significant difference was identified in either assay between control and KLF9-depleted cells. Additionally, no significant difference was detected in the number of cells containing small or large bortezomib-induced aggresomes between wildtype and KLF9-depleted populations (Supplemental Figure 2C, D) . Therefore, inhibition of KLF9 does not affect proliferation or bortezomib-induced protein accumulation in MM cells. It is also noteworthy that KLF9 levels did not correlate with that of proliferation markers TOP2A and MKI67 in the patient database (data not shown).
KLF9 overexpression induces NOXA-dependent apoptosis in multiple myeloma cells
To determine whether KLF9 up-regulation was sufficient to cause apoptosis in MM cells, we cloned KLF9 cDNA into a lentiviral vector followed by transduction into MM1.S or RPMI-8226 cells in parallel with an empty vector control. MM cells overexpressing KLF9 demonstrated an ~2.5 fold increase in NOXA mRNA and protein levels already at the second day post-infection ( Figure 4A, B) , although no significant increase in cell death was detected at that time.
However, starting at day 3 post-infection, MM1.S and RPMI-8226 cells that were overexpressing KLF9 underwent apoptosis ( Figure 5C ) with the concomitant up-regulation of NOXA ( Figure 4D ). These data demonstrate that ectopic expression of KLF9 was sufficient to induce apoptosis in MM cells.
To identify the functional role of NOXA in KLF9-induced apoptosis, we depleted NOXA in MM1.S and RPMI-8226 cells via shRNA 8 followed by infection with KLF9 cDNA-expressing lentivirus. Introduction of NOXA shRNA resulted in suppression of bortezomib-or LBH589-induced apoptosis as was reported earlier 7, 8, 37 (Supplemental Figure 3) and in the partial reversal of KLF9-induced NOXA levels ( Figure 4D ). This was accompanied by a decrease in apoptosis rates (52% to 27% in MM1.S cells; 59% to 35% in RPMI-8226 cells, Figure 4E ) and the amounts of cleaved caspase 3 ( Figure 4D ). These data indicate that cell death induced by KLF9 is at least partially NOXA-dependent.
To differentiate between direct and indirect up-regulation of NOXA by KLF9, we performed chromatin immunoprecipitation (ChIP) with control (normal goat IgG) or with two KLF9-specific goat antibodies from untreated MM1.S cells or cells treated with 5 nM bortezomib for 24 hours.
Following precipitation, the chromatin was de-crosslinked and the purified DNA was probed in Q-PCR with primers spanning the human NOXA mRNA start site. As shown in Figure 5A , the DNA region adjacent to the mRNA start site contains several potential KLF9 binding sites (5'-C A / G CCC-3'). 42, 43 Moreover, this promoter region has been shown previously to regulate NOXA transcriptional activation. 13 For a negative control, we used PCR primers corresponding to the DNA region ~1.1 Kbs upstream of the mRNA start site ( Figure 5A ) and PCR primers
For personal use only. on April 8, 2017 . by guest www.bloodjournal.org From corresponding to a KLF9-irrelevant promoter (GAPDH). As shown in Figure 5B , the significant enrichments of NOXA proximal, but not distal, promoter regions were detected in chromatin precipitated with KLF9-specific antibodies only from bortezomib-treated cells. Furthermore, a luciferase-based reporter assay demonstrated a low, but reproducible, KLF9-dependent activation of a luciferase gene driven by the NOXA proximal promoter region ( Figure 5C ).
The observation that KLF9 does not interact with NOXA promoter in untreated cells, prompted us to investigate whether the basal, uninduced NOXA levels depend on basal KLF9 levels. As shown in Figure 5D , depletion of KLF9 did not affect basal expression of NOXA in agreement with the ChIP data. Collectively, our results argue that KLF9 directly interacts with the NOXA promoter in a bortezomib-dependent manner, thus providing a mechanistic explanation for the KLF9-dependent toxicity and KLF9-dependent pattern of NOXA transcriptional activation in response to bortezomib in MM cells.
Recently, knock-down of C-JUN in MM cells was reported to increase their resistance to bortezomib treatment. 26 To investigate effects of simultaneous inhibition of KLF9 and C-JUN on bortezomib-induced cell death and NOXA levels in MM cells, we depleted C-JUN alone or in combination with KLF9 in MM1.S cells via corresponding shRNAs and identified changes in NOXA induction and cell sensitivity to bortezomib. Inhibition of C-JUN with two independent shRNAs decreased bortezomib citotoxicity, albeit less efficiently than inhibition of KLF9 (Supplemental Figure 4A-D) . However, simultaneous depletion of KLF9 and C-JUN in MM1.S cells did not result in statistically significant decrease in cell death or in further down-regulation of bortezomib-induced NOXA levels compared to that caused by inhibition of KLF9 alone (Supplemental Figure 4CD) . Moreover, ectopic expression of C-JUN did not upregulate basal or KLF9-induced levels of NOXA in MM1.S cells (Supplemental Figure 4E) . Thus, unlike KLF9, C-JUN appears to be involved in NOXA-independent regulation of bortezomib toxicity in MM cells.
Discussion
For personal use only. Figure 2F ), whereas an experimental antimyeloma agent LBH589 (HDAC inhibitor) induced both KLF9 mRNA and protein levels ( Figure 2D,E) . In view of recent findings by Kikuchi et al 35 that bortezomib suppressed intracellular amounts of HDAC I family members and our own observations that bortezomib increased histone H3 acetylation at the KLF9 promoter ( Figure 2C ), it is plausible that upregulation of KLF9 by bortezomib occurs via HDAC inhibition-dependent mechanisms.
LBH589 is a more potent inducer of histone H3 acetylation (Supplemental Figure 1 ). However LBH589 is less efficient at inducing KLF9 mRNA (Figure 2A, D) , suggesting that additional transcriptional pathways are involved in up-regulation of KLF9 by bortezomib.
In earlier studies, KLF9 was identified as a gene controlling animal development and cell proliferation. Thus, Klf9 homozygous knock-out mice demonstrated defects of uterine growth, 29 decreased litter size, 30 reduced crypt stem/transit cell proliferation 31 and mild neurological defects. 32 Low levels of KLF9 were associated with enhanced proliferation of un-stimulated B cells 33 and differentiation of B cells. 34 Recently, KLF9 has been implicated in suppression of growth of glioblastoma-initiating cells 44 and its levels were lower in human colorectal cancer tissues compared with individually matched normal mucosa tissues. 45 However, no association between KLF9 and sensitivity or resistance to chemotherapeutic agents has ever been reported.
Our data assigned a novel function to KLF9 as a regulator of NOXA-dependent apoptosis. We demonstrate that rapid increase in the amounts of KLF9 via bortezomib or LBH589 treatment up-regulates NOXA in MM cells. However, KLF9 knock-down impaired induction of NOXA by bortezomib more efficiently than by LBH589 ( Figure 3A,C It is noteworthy that depletion of KLF9 in untreated cells did not affect the basal levels of NOXA ( Figure 5D ). We also failed to identify a correlation between KLF9 and NOXA basal levels in the patient dataset (data not shown). Furthermore, the ChIP data revealed that detectable KLF9 binding to the NOXA promoter occurs only in bortezomib-treated MM1.S cells ( Figure 5B ). While these data argue that KLF9 is a direct bortezomib-dependent transcriptional activator of NOXA, ectopic expression of KLF9 was capable of activating NOXA in the absence of bortezomib (Figure 4A, D) . Together these results suggest that increasing intracellular KLF9 levels beyond a certain threshold amounts may be sufficient to activate NOXA expression.
Depletion of endogenous NOXA via specific shRNA partially inhibited KLF9-induced apoptosis further attesting to a functional connection between KLF9 and NOXA. However, shRNA-mediated down-regulation of NOXA was not sufficient to completely reverse its induction by bortezomib. Therefore, a formal possibility exists that KLF9 induces apoptosis by both NOXA-dependent and NOXA-independent pathways. Further experiments will be needed for the identification of other KLF9 targets that are essential for its apoptosis-inducing activity.
In summary, we have identified KLF9 as a novel and potentially clinically relevant transcriptional regulator of drug-induced apoptosis in MM cells. 
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For were mixed with pRL-SV40 plasmid, expressing renilla luciferase gene in 1÷10 proportion, followed by transfection into HEK293 cells along with vector expressing KLF9 cDNA or empty vector. 48 hours after transfection, cells were collected, and firefly-and renilla-dependent luciferase activities were determined using the dual-luciferase assay kit (Promega).
Measurements of firefly-dependent luciferase activity were normalized with respect to renilla signals.
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